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ABSTRACT

Recent advances in real-time 3-1) graphics and graphical user interface (GUI) technologies enable
development of advanced operator interfaces for teleroboticsystems. Inparticular, wc nave employed
revicw/predictive displays with calibrated graphics overlay and X/ Motif if-based GUI’s for eflicient and
reliable ground-controlled space telerobotic servicing under comnmunication timne delay. High fidelity
preview /predictive displays have been achieved by an operator-interactive camera calibration and object
localizationtechuique that enables reliable matching of simulated 3-1) graphics mmodels with the remote
site task environment. The developed graphical operator interface supporting telerobotic operations
with ]ligh-fidelity preview/predictive displays have been successfully utilizedin detnonstrating aground-
simulated ORU (orbital Replacement Unit) changeout remote servicing task by remotely operating a
robot arm at NASA Goddard Space I 'light Center from the Jet Propulsion laboratory under a varying
time delay of up «to several seconds. The positioning alignment accuracy achieved by this technigue
with four camera views was about 4 5mm for a tool insertioninthe serviding task

1. INTRODUCTJION

Ground control of space robots has potential operational benefitsin future space missions. Pos-
sible futurc applications include ground-cont rolled remote maintenance/repair servicing of spacecrafts
including Space Station Irecdom, ground-controlled telescience experiments, and ground-controlled re-
mote assembly /conistruction work on the moon or Mars. An imminent potential application includes
ground-controlled telerobotic servicing of the Hubble Space Telescope (11 S'1') to assist VA (extrave-
hicular activity; space walk) astronauts performing a maintenance mnissionin the Space Shuttle cargo
bay. The HST requires a periodic maintenance for every d to i vears, forinstance,toreplace batteries,
instruments, etc.. In a conceivable telerobot-assisted NVAmaintenancescenario, 1'VA astronauts will
capture and berth the 11 ST on the Shuttle bay and perform critical tasks, whilesome other tasks such
as open/close 11 ST tool box, deploy/stow crew aids,and replace 01{11's canbe potentially carried out
by telerobotic operations controlled from the ground. This telerobotic assistance is expected to reduce
astronauts’ I"VA time, andsave operational cost.

In such ground-controlled remote operations, how’ever, there is an unavoidable communication timne
delay. Whenthe existing NASA communication facilities are utilized, the round-trip time delay be-
tween the ground station and the low Earth orbit is expected to be 4 to 8 s to relay data via several
communications satellites (e.g., TDRS and Domsat) and ground stations (e.g., White Sands ground
station in New Mexico and Mission Control Center a Joh nson Space Center). As the communication
time delay increases beyond 0.5 s, it, becomes more diflicult for the huinan operator to performremote



manipulation tasks, Twoimportant andpromising schemes for enhancing telemanipulation task per-
formance under comimunicationtime delay are shared compliance control 9]¢ and predictive display [2],

[3]. (8], [13], [15].

Wocrecently developed an advanced operator interface that supports preview/predictive displays
developed at Jet Propulsion laboratory and wrist force/torque ("wrench”) sensor referenced compli-
ance/impedance control implemented NASA Goddard Space night Center GSFC).Usinfg the developed
operator interface, in May 1993 we successfully demonstrated a JPL-God ard ORU changeout remote
servicing task. In this demonstration, JPI. acted asthe operator site simulating the ground control
station, and GS¥'C, more than 2,500 miles away from JPL, acted as the remote work site with a life-size
satellite task mock-up. In this paper,we describe the operator interface design and its use in the recent
JP1.-Goddard demonstration.

2 PREVIEW/PREDICTIVE DISPLAYS

Noyes and Sheridan in the MIT Man-Machine Systems l.aboratory [13] built the first predictive
display for telemanipulation by using a stick-figure graphics model of the robot arm overlaid on the
delayed video picture of the actual arm. In this predictive display, the operator drives the graphics
model which responds immediately to the human operator’'s hand controller command, while the actual
video image of the arm responds with time delay, thus following the graphics model. In effect, the
graphics mode] leads or predicts the actual robot arm motion. The effectiveness of the predictive display
technique was demonstrated through several experiments using simple models of the manipulator arm
andsimple tasks [15].

In our design, stick-figure-type predictive display technology has been extended to high-fidelity 3-D
predictive display technology for applications to ground-controlled telerobotic servicing In space with
communication time delay. High fidelity is achieved by 1) precise 3-ID graphics modeling/rendering,
and 2) operator-interactive reliable camera calibration and object localization that enable calibrated
overlay of graphics models on the live video of quasi-static telerobotic task environments, In contrast to
previous predictive displays in which only the robot arm graphics model is overlaid on live video through
a camera calibration procedure, in our design both the robot arm and the object graphics models are
overlaid through an additional object localization procedure. Although various camera calibration and
object, localization algorithms [I], [5], [18] have been reported, in our design we use newly developed
operator-interactive camera calibration [7] and object localization [10] algorithms to achieve reliable,
accurate matching of graphics models with actual camera views of the remote site task environment.

in the original predictive display, the operator-commanded hand controller motion drives both the
simulated graphics model (without delay) and the real robot arm (with communication time delay)
simultaneously, In our design, we adopted a new strategy by combining preview and predictive displays
to enhance safety and reliability in remote servicing operations such as in ground-controlled telerobotic
servicing in space. In this preview/predictive display strategy, the operator first interacts with the
graphically simulated “virtual environment” by driving the simulated graphics model against the back-
ground remote-site video camera view. The operator then previews and verifies the simulated robot
motion. Only after the preview verification, the operator sends the motion command to the remote site
for actual motion execution. This sequential (as opposed to simultaneous) preview/execution operation
is repeated for each new task segment.

Preview/predictive displays can be used both in the teleoperationmode and in the computer-
generated trajectory mode. A typical scenario to perform a task segment with preview/predictive
displays is asfollows. 1 ) The operator generates the robot arm trajectory either by driving the simu-
lated robot arm with a hand controller (in the teleoperation mode) or by selecting the target frame (tag
point) and requesting the system to generate the straight line trajectory (in the computer-generated




trajectory mode),andthe simulated robot motion trajectory is recorded. 2) The operator plays back
the recorded robot motion with an appropriate timescale by againdriving the simulated arm to preview
and verify the robot motion trajectory. This preview verification is important to ensure operational
safety. 3) The operator sends the verified trgjectory to the remote site, and the remote system stores the
trajectory data in a buffer. This trgjectory data buffering ensures accurate motion execution even with
slow or abrupt change in the communication time delay. 4) After the receipt of the whole trajectory, the
remote system executes the robot motion trajectory command to drive the actual robot arm. During
the execution, force/torque sensor referenced compliance/impedance control can be activated. In the
localsite, the operator monitors the command execution by visually observing the preview/ predictive
display updated with the returned video image of the robot arm motion. 53 After the completion of
the robot motion execution, the graphics model of the arm is updated with the actual final robot joint
angles. This update procedure not only eliminates accumulation of motion execution errors but also
enables the preview/predictive display to be useful even when the compliance/impedance control is
activated in the remote site, for example, during the performance of a contact or insertion task.

In our graphical operator interface design, two Silicon Grezphics workstations and one NTSC video
monitor are currently used. The primary workstation (RIS-41) 310 VGX) is used for preview/predictive
displays and for various GUI’s. A Silicon Graphics Viceol.ab board installed in the primary workstation
captures the live video picture at 30 frames/s, and supports real-time graphics overlay to appear both
onthe high-resolution (1280X10 24) workstation monitor and on the low-resolution video monitor simul-
taneously. The second workstation (1}{1S-41)/70 GT) is solely used for sensor data display, providing

graphical visualization of robot arm joint angles, 6-dof force/torque sensor data (“wrench vector”), and
capaciflector proximity sensor data f4]

The operator interface software [6], [11] was al writtenin C using X, Motif, Wcl, G1, and GL1.X. The
X window system {_9] is an industry standard software enabling development of “device-independent”
portable GUI’s. 1" 1e Motif widget set is an industry-prevailing X toolkit that provides useful widgets
such as scroll bars, menus, and buttons, The Wcl Widget Creation Library [16] enables X resource%los
to specify a widget hierarchy (parent-child relationship tree), widget types, and bindings of callbacks.
Since widget creations can be conveniently defined in extended X resource files, the use of Wcl can
greatly reduce the programming effort. GL is the Silicon Graphics standard graphics library for graphics
rendering. GLX alows to create a special window that accepts both X and GI. functions for the Silicon
Graphics workstation.

3 CAMERA CALIBRATION

Before starting actual telerobotic task performance with preview/predictive displays, the operator
must perform the camera calibration and object localization procedures to enable calibratedgraphics
overlay necessary for preview/predictive displays. In our camera calibration procedure, the rob otarm
itself is used as a calibration fixture, eliminating a difficult and error-prone procedure of measuring
the precise position and orientation of a separate calibration fixture relative to the robot base. The
operator enters the correspondence information between 3-1) object model points of the robot arm and
2-1) camera image points by usiéia mouse, In order to improve the calibration accuracy over the
normal operating region of the rebot arm, the operator enters corresponding points data for several
different poses dg the robot arm. Thereafter the system computes the camera calibration matrix. This
calibration procedure is repeated for each of the camera views desired.

Fig. 1 shows the graphical operator interface used during the operator-interactive camera calibration.
As the operator selects the “camera calibration” button from the main menu bar of the lower right
window, the camera calibration GUI pops up on the upper right window, The solid-shaded 3-D graphics
is displayed on the upper left window, and the live (or stored) video picture received from the remote
site appears on the lower left window. At this stage the graphics view is in general not aligned with
the camera view. In fact, the operator is alowed to change the graphics viewing condition (view angle,
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Figure 1. Graphical operator interface during camera calibration.

position, andzoom) at any time during this data entry mode as desired. To enter corresponding point
data, the operator first picks an object model point of the robot arm graphics with a mouse (upper left
window), aud then clicks the corresponding image point on the video image of the robot arm (lower
left window). When an object point is picked by a mouse, the system actually obtains the 3-1) position
of the object point by utilizing 1) the CAD (computer-aided design) geometric model of the robot arm
graphics, 2)the actual joint an g values of the robot arm on the video picture, and 3) the “pick”
function ca 1 of the Silicon Grapics standard GI. graphics library, As the operator clicks 3-1) object
model points or 2-D image points, their coordinate values appear on the scrolled list widget of the
camera calibration GUI. The operator can use the “robot set point” button to move the remote robot
armin a different pose and enter more corresponding points. The operator can aso delete and re-enter
corresponding points data. When all desired object points and their corresponding image points at
different armn poses are entered, the operator can request the system to compute the camera calibration
parameters.

The computation of the camera calibration parameters is based on the ideal pinhole camera model.
Under this assumption, the image formation of the camera is described by a linear perspective projection,
and the relation between 3-1) graphics model points and the corresponding 2-D video camera image
points can be described by a 4X3 calibration matrix. Both linear and nonlinear least-squares algorithms



[7] are used in camera calibra jon computations.

The operator is provided with two options: 1) initial unknown and 2) initial given. When an
approximate solution is not available, the operator chooses the “initial unknown” button to request the
system to proceed with the following two-step procedure for efficient computation: (i) first, obtain an

Figure 2: Calibrated overlays of the robot arm graphics model on the live video picture after the camera
calibration at four different arm poses.



approximate solution by the linear algorithmn, and then (i1) apply the noulinear algorithm by using the
lincar least-squares solution as an initial guess. When the number of corresponding points entered is
only 4 or 5, or when all the object pointslie on the same plane, the linear algorithm cannot be used,
and the systemn must start with the nonlinear algorithm directly. Orice the camera calibration matrix
is obtained, the graphics model of the robot arm can be overlad on the video camera view.

When an initialapproximate solution. is known (for example, by the operator’s approximate matching
of the graphics model to the camera view or by a prior graphics simulation with task analysis and
plauning), the operator chooses the “initial given” button to request the system to start with the
nonlinear algorithm directly. When the algorithm converges to a solution with the average error less
thanss between the 3-D object points projected on the image plane and the actual 2-D) image points,
the systemassumes that the nonlinear least-squares solution is found. Otherwise, a new initial condition
is tried by incrementing one of the rotationangles by 300 The 30° increment for all three rotation angles
is repeated until a good solution with the average error less than 5% on the image plane is found.

Four camera views were calibrated for the JP1.-Goddard remote servicing demnonstration (see Section
6). In each camera calibration, the operator typically eunteredabout 15 to 30 data points in total from
3 or 4 different arm poses. For the side-view and oblique-view cameras, the vertical field-of-view angles
were both approximately fovy= 32°, and the average calibration errors between the projections of 3-D
object points on the image plane and the actual 2-1> image points were typically in the range of 0.5-0.9%
(with 1.5-3.5% maximum errors). The object (robot arm) distance from these cameras was about 3
m,and the 0.7% average error on the image plane corresponds to 1.2 ¢m displacement error on the
hypothetical plane 3 m in front of the camera. Calibrated graphics overlay examples for the oblique-
view camera arc shown in Fig. 2 at the four different arm poses used for the calibration. Two zoom
settings were used for the overhead (front-view) camera, which was about 1 m away from the robot end
effecter. For the wide-angle vi w(fovy= 370), the average error on the image plane was typicaly 0.5-

0.9% (1 .3-2.9% maximumerror ), and the 0.7% average error corresponds to 0.5 ¢m displacement error
on the plane 1 m in front of the camera. For the zoom-in view (fovy = 110), the average error on the

image plane was typically 1.3- 1.7°%0 (3.6-4.6% maximum error), and the 1.5% average error corresponds
to 0.3 cmdisplacement error on the plane 1 m in front of the camera.

4 OBJECT LOCALIZATION

‘] "he above camera calibration procedure alows to overlay only the graphics model of the arm on the
video camera view. A key novel feature of our new interface design is that it enables graphics overlay
of objects as well as the robot arm by providing an operator- interactive object localization procedure
that determines the object pose (position and orientation).

The operator’s interactive data entry procedure and its operator interface for the object localization
procedure are essentially identical to those for camera calibration (See Fig. 1 and Section 3), except that
the operator enters corresponding data points for an object (not the robot arm this time) with severa
different camera views. The operator uses the “camera set point” button to select a camera and define
its set point for remotely controllable pan, tilt, and zoom parameters. There are several algorithms
available in the literature to determine the 3-D object pose from a given 2-1) camera view. In our
computation, a projection-based linear/nonlinear algorithm extended to allow object localization for
any number of multiple camera views [10] is used. Again, the operator is provided with two computing
procedure options: 1) initial unknown and 2) initial given. Computing procedures for these two options
are essentially the same as those in camera calibration described in Section 3.

Once the camera calibration and object localization are completed, the graphics models of both the
robot arm and the object can be overlaid with high fidelity on the correspondin® actual video images in
a%’ven video camera view. The arm and object graphics models can be overlailin a wire-frame or in a
soliid-shaded polygona rendering, with varying levels of transparency, providing different visual effects



to the operator for different task details. The hidden lines can be removed or retained by the operator,
depending upon the information needs ina given task. The above objectlocalization method was applied
to locate an ORU (Orbital Replacement Unit)inthe JPL-G oddard remote servicing demonstration (see
Section 6) by using the four calibrated camera views describedin Section 3. Calibrated graphics overlay
examples after the camera calibration and object localization are shown in Fig. 3 for the four camera
VIEWS.

The average position error (with standard deviation in parent hethis) of the object localization of
the ORU from 10 measurements was -0.53 ¢m (0.11 cm), 0.53 e¢m (0.17 cm), and 1.4 ¢ (0.20 cin)
for the horizontal, vertical, and insertion axes of the ORU hole, respectively. The average orientation
error (with standard deviation in parenthesis) was -0.35° (0.170), 0.36° (0.190), and -1.1° (0.24°) about
the horizontal, vertical, and insertion axes, respectively. Note that the positioning alignment accuracy
achieved by our technique with four camera views was about 4 5 mrm for inserting a tool into the QRU
hole.

I'igure 3: Calibrated overlays of both robot arm and ORU graphics models on the live video picture
after the camera calibration and object localization with four camera views. (a) side-view camera, (b)
oblique-view camera, () overhead camera with wide angle, and (d) overhead camera with zoom in.




5 TASK EXECUTION

A top-levelscreen layout on the primary workstation used during, the actual task execution is shown
in Fig. 4. It consists of two NTSC-resolution (646x486) windows on the left side and two slightly
smaller windowsonthe right side. A calibrated preview/predictive graphics overlay on the live video
picture appears on the upperleft window, and it aso appears on the full screen of the 19 inchNTSC
monitor for better viewing. A 3-1) graphics display of either a calibrated view that matches with one of
the camera views or an operator-defined synthetic (virtual) camera view (of any desired viewing angle,
position and zoom) appears on the lowerleft window. A task auto sequencing GUI appears on the
upper right window, and the graphics/robot control main GUlon the lower right window.

e

igure 4: Graphical operator interface during the task execution with preview/predictive displays

After the completion of the camera calibration and object localization procedures, the operator can
ac ually perform a remote servicing, task with preview/predic tive displays. The main GUI consists of a
menu bar and 8 panels, The menu bar is used to pop up a new GUT on the upper right window (for
example, object localization GUI). The upper 4 panels provide an interface for graphics control: 1) first
panel for graphics view selection among calibrated _%gaphics views or operator-defined virtual camera
views, 2) second panel for graphics view control with a mouse such as graphics translation, rotation,
and zoom, 3) third panel for graphics rendering model selection (wire-frame, solid-shaded, wire-frame
with hidden line removal, wire-frame with semi-transparent solid surface model), and the last panel for



video linage selection (no video, live video imagge, or stored video image file).

The lower 4 panels of the main GUI(Fig.9) provide an interface for robot con: rol. The first panel
allows the operator to use tag points (target frames or via poiuts) to define robot motion trgjectory. To
generate a tragjectory, the operator just designates a target position,andthenthe system automatically
generates the robot motion trajectory. Note that in this coil-I~\Iter-~€e]lerated trajectory inode,the op-
crator does not use a hand controller. The first panel also has the object grab/release option to indicate
the grasp status to the graphics simulation. When an object (€.9., an ORUin our demonstration ) is
grasped by a simulated robot arm, the grasped object moves together with the simulated arm.

The second yanel alows the operator to select a desired cartesian control mode for the hand controller
control: world (obot base), tool (end effecter), and cameraview referenced control. The operator is also
allowed to define the origin (center of rotation% of the cartesian contral reference frame, for example,
end effecter, tool tip, or an object in grasp. The operator can also set the position and orientation
gains of the hand controller motion, The same inverse kinematic or inverse Jacobian cartesian control
?oft]w[are] that, drives the actual remote robot arm is used to drive the local-site simulated robot arm
12], [14].

The third panel allows the operator to record the hand controller motion, stop recording, and play
back the recorded motion trajectory for preview simulation. A Multibus-I based real-time system reads
the hand controller motion data and sends the data to the UN I1X-based Silicon Graphics workstation
at 30 Hz through a 9600-baud serial 1/0 line. ‘I'he serial 1/0 buffer and trajectory data buffer queues
were effectively used to avoid any missing data [1 7]. The time scale concept is employed to allow the
operator to change the speed in converting the hand controller motion trajectory to the robot arm
motion trgectory. Time scaling appears to be particularly useful when the remote arm is very slow.

The last panel allows the operator to send an execution command to the remote site interactively.
The executioncommarnis currently supported include robot arm motion trajectory (TRAJECTORY),
control algorithm selection (INVOKE_ALGORITHM), sensor data request such as joint angles, carte-
sian pose, force/torque sensor data (“wrench vector”), and capaciflector readings (REQUEST), camera
selection and set point (CAMERA), robot joint move (GOTO_JOINT), and robot cartesian move com -
mands (GOTO_CART).

The task auto sequence GUI displays a selected auto sequence script on the scrolled list window, and
the current command to be executed is highlighted. The operator can execute the highlighted command
by clicking the “step” button. The operator can interrupt the current execution by “cancel” button, or
abort the remaining script completely by clicking the “abort” button. Two types of commands exist:
local and remote execution commands. Local execution commands that effect onythe local site include
Graphics, Video, Camcal, Objloc, Reference_frame, Tag-point, and Object grab relase commands. All
the remote execution commands supported by the last panel of the main GUI are also supported by
the task auto sequence GUI.

6 ORU CHANGEOUT REMOTE SERVICING
DEMONSTRATION

The developed operator interface described above were successfully utilized in demonstrating a
ground-simulated ORU thangeout remote servicing task. The demonstration was to show potential
capabilities of ground- contro led telerobotic servicing by remotely operating a robot arm at NASA
Goddard Space Flight Center from the Jet Propulsion Laboratory. The demonstration task performed
was to remove an old MMS (Multi-Mission Servicing) ORU module from the Explorer Platform (EP)
spacecraft mockup and install a new one (the same ORU in our demo) by using a Robotics Research Cor-



poration K-1607 robot armand alightweight Servicing Tool (LST; socket driver power tool) mounted

at the end of the arm [12]. The EP spacecraft, which was launched in 1992, is a modular mission
spacecraft, carrying several modules that can be replaced on orbit by astronauts.

Inour demonstration, the NASA Select NTSC Television broadcasting channel was used (30 frames/s)
to transmit the live video image from NASA-GS¥Cto JPL. A ‘I'CI'/II' socket communication with eth-
crnet connection through the Internet computer network was used for a bidirectional command/data
link. The round-trip Internet socket communication delay between JPI1, and NASA- GSF(C was mea-
sured about 0.1 s on the average, although there were often long time delays (e. g., a 10-minute testing
indicated that about 0.8% of the delays was longer than 0.5 s and about 0.01% was longerthan 4 s).

The ORU changeout task scenario used in the remote servicing demonstration had the following
sequence. 1) Perform camera calibration. 2) Perform object localization to determine the ORU pose,
3) Move the arm from the starting position to a position where the 1.ST tip is about 20 cm in front of
the entrance of the hole on the ORU module. 4) Move the 1.ST to the immediate entrance of the hole.
5) insert the 1, S1'. 6) Latch the 1.ST to the ORU. 7) Turn on the power tool to loosen the screw. &)
Pull out the ORU by 5 cm. 9) Continue to withdraw the ORU so that it is about 15 cm apart from
the satellite. 10) Move the ORU to a stow position. 11) Move the ORU back to 15 cm in front of the
satellite frame. 12) Align the ORU for insertion. 13) Insert the ORU. 14) Turn on power tool to tighten
the screw. 15) Unlatch the LST from the ORU. 16) Pull out the 1ST to about 20 cm away from the
ORU. 17) Finally, move the arm back to the starting position.

Steps 5, 6, 7, 8, 13, 14, and 15 were executed autonomously by invoking an appropriate algorithm
using the INVOKE_ALGORITH M command. During these steps the robot arm motion involves actual
contact with the task environment for tool or module insertion or removal actions, and thus were aided by
wrist force/torque (“wrench” ) sensor referenced automatic compliance/impedance cent rol implemented
at GSKC. Steps 3, 4, 9, 10, 11, 12, 16, and 17 were executed by a TRAJECTORY command, where
the robot arm trajectory data was generated either by teleoperation using a hand controller or by a
computer with an operator designated target point. It is important to note that several fixed target
frames (tag points) were pre-defined relative to the ORU to facilitate generation of trajectories. Through
tile object localization (Step 2), the accurate ORU pose was determined, and so were the accurate poses
of these target frames fixed relative to the ORU. In the teleoperation mode, these target frames were
merely used as a visual aid to the operator in generating a robot arm trajectory with a hand controller.
In the computer-generated trajectory mode, the operator just designated the target frame, and then the
computer generated a clean straight line trajectory from the current robot arm pose to the designated
frame’. Theteleoperation mode using a hand controller was helpful for fine alignment to compensate
for any errors caused by imperfect modeling and gravity compensation, while the computer-generated
trajectory mode was very helpful for global mation.

High-fidelity predictive/preview displays were very useful for the operator to generate a robot arm
trajectory with confidence under communication time delay. ‘I’he operator generated the overlaid robot
graphicsimage motions by a hand controller or by computer control algorithms. Then the operator
visually verified the correctness of the generated robot motions through previewing the simulated robot
graphics image motions embedded into the monitor of an actua TV camera image of the work scene.
Once verified, the recorded motion command was sent over to the GSFC robot control system. In order
to eliminate the problem associated with the varying time delay in data transfer, the robot motion
trajectory command was not executed at the GSFC control system until all the data blocks for the
trajectory were received. A few seconds after the motion commands were transmitted to GSEFC from
JPL, the JPL. operator could view the motion of the real arm on the same screen where the graphics arm
image motion was previewed. When no contact was involved, the video image of the real arm basically
followed the same trgjectory, and stopped at the same position where the graphics arm image stopped
earlier, When contact was involved, however, the final positions of the simulated graphics and actual
robot arms could be quite different. For this reason, after the completion of the robot arm trajectory
command, the simulated graphics arm was updated with the actual final robot joint angle values. This
update eliminates accumulation of minor motion execution errors as well as large compensation errors
due to the compliance/impedance control. Examples of preview/predictive displays with calibrated



(b)

Figure 5: Preview/predictive displays with calibrated graphics overlay for the JP1-Goddard remote
servicing demonstration of an ORU changeout task. (a) Step 3:approachthe arm from the starting
position to tile ORU to prepare for insertion,and (b) Step 9: continue to pull out the ORU.

graphics overlay during the performance of steps 3 and9are shown in Fig. 5.

7 CONCLUSION AND FUTURIE PLANS

Anadvanced opcr'titer interface supporting tclerobotic operations with high-fidelity preview/ predic-
tive displays were developed for applications to ground-controlled telerobotic servicing in space. High
fidelity preview/predictive displays were achieved by using operator-interactive cainera calibrationand
object localization mcthods. The developed methods enable reliable, accurate matching of graphics
models to the remote site task environment with typicallyless than 2% average error 011 the image
plane. The developed operator interface design was successfully utilized in the recent JPL-Goddard
ground-simulated deionstration of an ORU cha ngeout remote servicing task, showing the practical
utility of Ili,p;h-fidelity predictive/preview display techniques combined with compliance control. The
same techniques also have a widerange of terrestrial application possibilities.  Future planned work
includes: 1)simulated testson other space application tasks like Hubble Space Telescope Servicing |
and 2) interactive modcl building and M€ mittent model matching updates using model-based image
processing.
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